Epithelial ovarian carcinoma (EOC) is a leading cause of death from gynecologic malignancies, due mainly to the prevalence of undetected metastatic disease. The process of cell invasion during intraperitoneal anchoring of metastatic lesions requires concerted regulation of many processes, including modulation of adhesion to the extracellular matrix and localized invasion. Exploratory cDNA microarray analysis of early response genes (altered after 4 hr of 3D collagen culture) coupled with confirmatory real-time reverse-transcriptase polymerase chain reaction, multiple 3D cell culture matrices, Western blot, immunostaining, adhesion, migration and invasion assays were used to identify modulators of adhesion pertinent to EOC progression and metastasis. cDNA microarray analysis indicated a dramatic downregulation of connective tissue growth factor (CTGF) in EOC cells placed in invasionmimicking conditions (3D Type I collagen). Examination of human EOC specimens revealed that CTGF expression was absent in 46% of the tested samples (n 5 41), but was present in 100% of normal ovarian epithelium samples (n 5 7). Reduced CTGF expression occurs in many types of cells and may be a general phenomenon displayed by cells encountering a 3D environment. CTGF levels were inversely correlated with invasion such that downregulation of CTGF increased, while its upregulation reduced collagen invasion. Cells adhered preferentially to a surface comprised of both collagen I and CTGF relative to either component alone using a6b1 and a3b1 integrins. Together these data suggest that downregulation of CTGF in EOC cells may be important for cell invasion through modulation of cell-matrix adhesion. ' 
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Key words: ovarian carcinoma; metastasis; invasion; adhesion; connective tissue growth factor Epithelial ovarian carcinoma (EOC) has the poorest survival of all gynecologic malignancies, 1 due predominantly to the presence of disseminated intraperitoneal metastasis. 2 Successful metastatic spread requires concerted regulation of crucial cellular processes, including apoptosis, proliferation, cell-cell and cell-matrix adhesion, migration and breakdown of the extracellular matrix. 3 A detailed understanding of these mechanisms is a prerequisite for the design of therapeutics essential for retardation or prevention of metastatic spread. The tumor microenvironment plays a major role in orchestrating the cell behavior. 4 The microenvironment in sites of EOC metastatic dissemination is predominantly comprised of interstitial collagens I and III, 5 which can be modeled experimentally to distinguish effects of the microenvironment on cell behavior. 6, 7 Experimentally created 3D cultures recapitulate the in vivo cellular environment more closely than traditional cell culture on planar substrata. It has been demonstrated that these 3D culture models and organotypic cultures can accurately and reliably replicate certain conditions in the living organs and, therefore, can be used as a preliminary model to more closely understand the consequences of interactions of cells with the surrounding microenvironment. 8, 9 This is highlighted by a recent study comparing cDNA microarray expression profiles of cells cultured in 2-dimensional planar cell culture to 3D culture and murine xenografts. Results demonstrated that global gene expression profiles of the 3D cultures were more closely aligned with those of tumor xenografts. 10 Our previous studies have shown that 3D collagen I (3DCI) gels, a microenvironmental component relevant to that encountered by metastasizing ovarian carcinoma cells, 11, 12 dramatically modulates cell behavior and promotes a proinvasive phenotype. 6, 7, [13] [14] [15] [16] Specifically, our data demonstrate that 3DCI enhances the ability of cells to migrate through upregulation of membrane Wilms' tumor gene product 1 17 and actinin alpha-4, 13 and to digest extracellular matrix via upregulation of membrane type-1 matrix metalloproteinase. 6, 7, 15 These findings led to the speculation that other cellular mechanisms pertinent to proinvasive and migratory behavior, such as cell-matrix adhesion, may be altered through interaction of cells with 3DCI as well. Adhesion of cells to the extracellular matrix plays a key role in the mechanisms regulating migration and invasion, and often reduction in adhesive strength is required to achieve balance between the ability to migrate and survive for anchorage-dependent cells. 18, 19 In this study, we have performed an exploratory cDNA microarray analysis to identify possible target genes regulating ovarian carcinoma matrix adhesion. A rapid and dramatic reduction in the gene encoding connective tissue growth factor (CTGF) was observed in 3D collagen culture. CTGF is a secreted molecule with many functions. It has been shown to participate in fibrogenesis, migration, proliferation and adhesion. [20] [21] [22] Its function in EOC progression is not known; however, it has been shown to be silenced in human ovarian carcinoma via epigenetic mechanisms. 23 Our data demonstrate that CTGF is downregulated in cells cultured on 3DCI compared with those on thin-layer collagen film. This downregulation of CTGF occurs in response to 3D culture regardless of the biological composition. A variety of cell types including breast carcinoma, rat cortical neurons, fibrosarcoma cells and endothelial cells respond to 3DCI culture by downregulation of CTGF, indicating that this downregulation may be a general phenomenon attributable to many different types of cells. We demonstrate that ovarian carcinoma cells adhere stronger to a collagen I-CTGF mixture than to collagen I or CTGF alone and that downregulation of CTGF enhanced, whereas its overexpression reduced collagen invasion. Together these data suggest that reduction of extracellular CTGF may be beneficial for proinvasive behavior via weakening the adhesion to the matrix in metastasizing cells.
Material and methods

Materials
The ovarian carcinoma cell line DOV13 was kindly provided by Dr. R. Bast, Jr. (M.D. Anderson Cancer Center, Houston, TX) and maintained as previously described 24 between passages 45 and 65. High-density cortical neuronal cultures were prepared from E18 rat embryos (under animal protocol approved by Northwestern University animal committee) as described before 25 and maintained in neurobasal media supplemented with glutamine and B27 (Invitrogen Corporation). Fibrosarcoma HT1080 cell line was generously provided by Dr. J. Jones (Northwestern University, Chicago, IL) and propagated in minimal essential media (Invitrogen Corporation) supplemented with 10% fetal bovine serum (Invitrogen Corporation) between passages 2 and 6. Human umbilical vein endothelial cells (HUVEC) were obtained from The American Type Culture Collection and maintained in media 199 (Sigma), supplemented with 3% fetal bovine serum, 10 mM HEPES, 2 mM glutamine, 30 lg/ml heparin and 50 lg/ml endothelial mitogen (Biomedical Technologies) between passages 3 and 6. MDA-MB231 was obtained from ATCC and maintained in minimal essential media supplemented with 10% fetal bovine serum. Rat tail Type I collagen was obtained from BD Biosciences. Human collagen I, Arg-Gly-Asp-Ser (RGDS) peptide and bovine serum albumin were purchased from Sigma (St. Louis, MO). Four-arm polyethylene glycol (PEG)-acryl (10K) was obtained from SunBio (Orinda, CA) and 2,2-dimethyl-2-phenyl-acetophenone was a generous gift from Ciba (Tarrytown, NY). CTGF overexpressing plasmid (pCTGF) was a generous gift from Dr. M.-L. Kuo (National Taiwan University, Taipei, Taiwan). Human recombinant CTGF protein High Performance Liquid Chromatography (HPLC)-purified from Escherichia coli was purchased from Antigenix America (Huntington Sta., NY; www.antigenix.com). Polyclonal antibodies against CTGF, control and CTGF siRNA were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Function blocking antibodies against a2 (MAB, aV (MAB1980 and MAB2021Z), a3 (MAB2056), aVb3 (MAB1976), a6 (MAB1378), b1 (MAB1959) integrins and anti-mouse IgG were obtained from Chemicon (Temecula, CA). TissueScan real-time ovarian cancer disease panel I containing 48 tissues covering 4 disease stages and normal tissues was obtained from Origene (Rockville, MD).
3D matrix cell culture models
Several 3D cell culture models composed of various matrix components were used to characterize their interaction with ovarian carcinoma cells. Three-dimensional collagen I (3DCI) gel at 0.8 mg/ml, 3D collagen III (3DCIII) at 0.25 mg/ml and synthetic 10% 4-arm PEG-acryl containing 0.3 mM RGDS were used to mimic 3D matrix conditions encountered by invading ovarian carcinoma cells. Synthetic 10% 4-arm PEG-acryl containing 0.3 mM RGDS was prepared by photocrosslinking using 0.5% 2,2-dimethyl-2-phenyl-acetophenone in polyvinylpyrrolidone (600 mg/ ml) as the photoinitiator. Cells were cultured atop 3D matrices for various periods of time as described before. 6 Control cells were plated either on 10 lg/ml thin layer collagen I (2-dimensional collagen I or 2DCI) or 10 lg/ml thin layer collagen III (2DCIII), or 0.3 mM RGDS (2D). MDA-MB231, HT1080, rat cortical neurons and HUVEC were cultured atop 3DCI as described above.
Spheroidal ovarian carcinoma cell culture model
Ovarian carcinoma multicellular aggregates (MCAs, spheroids) were prepared using the hanging drop method as previously described. 26 Cells that formed multicellular aggregates were designated ''spheroids,'' and cells released from monolayers with trypsin were designated ''single cells.'' cDNA microarray Cells were cultured atop 3DCI and 2DCI for 4 hr, experiments were performed in triplicate. Total RNA for cDNA microarray experiments was extracted using Trizol according to the previously published protocol. 27, 28 All DNA microarray gene expression studies used human oligonucleotide arrays custom-printed by a dedicated core facility within the Eppley Institute for Research in Cancer and Allied Diseases, University of Nebraska Medical Center (Omaha, NE) as described previously. 29, 30 Microarray slides were scanned with a ScanArray 4000 confocal laser system (Perkin-Elmer).
Statistical analysis of microarray data
Analysis of microarray gene expression data, accumulated from 3 independent experiments, was performed using the limma package, 31 available through the Bioconductor project 32 for use with R statistical software 33 as described before. 13 After preprocessing, the analysis of differential gene expression was based on moderated t statistics on the replicated log 2 ratios for each gene. Statistical significance was assessed using an Empirical Bayes approach. 31 Adjustment for multiple comparisons according to the false discovery rate method of Benjamini and Hochberg 34 was performed, and genes with adjusted p values less than 0.05 were selected as differentially expressed. Log 2 ratios were transformed back to fold change values for interpretation purposes in this report.
mRNA extraction and cDNA synthesis for real-time reverse-transcriptase polymerase chain reaction
To perform real-time reverse-transcriptase polymerase chain reaction (RT-PCR), cells were cultured on 3D matrices as described above. Total mRNA was purified from 1 to 2 3 10 6 cells using Spin and Vacuum Total RNA Isolation kit (Promega) according to the manufacturer's instructions. cDNA was synthesized from 5 to 10 lg of total RNA using qScript cDNA Synthesis Kit (Quanta Biosystems). mRNA purification and cDNA synthesis experiments were repeated 3 times for each condition and cell type.
Quantitative real-time PCR
Real-time PCR was carried out with the ABI Prizm (Applied Biosystems) according to the manufacturer's instructions as described before.
6,13 SYBR Green was used for quantitative PCR as a double-stranded DNA-specific fluorophore. Expression of CTGF in human cells, DOV13, HT1080, HUVEC and MDA-MB231, was evaluated using previously published sequences of primers, 35 RPL-19 was used a housekeeping gene control. 6 Expression of CTGF in rat cortical neurons was evaluated using primers for rat Ctgf and rat Rpl19 as a housekeeping control (Supporting Information, Table I ). Efficiency of amplification was determined using the standard curves method. Relative quantification of gene expression between experimental (3DCI) and control (2DCI) samples was measured by normalization against endogenous RPL-19 using the DC t method. 36 Before using RPL-19 as a control, it has been established that its expression correlated well with the total RNA concentration and did not change with the time and treatment used in our studies. Fold changes were quantified as 2 2(DCt sample2DCt control) as described previously.
36
Real-time RT-PCR was also used to detect the levels of CTGF, a6, b1, a3, b4 and aV mRNAs in samples from tissues of normal ovary and ovarian carcinoma patients commercially available from Origene according to the manufacturer's suggestions using the amount of cDNA provided, 2 ng (for detailed description of the samples go to www.origene.com or 37 ). Primers for a6, b1, a3, b4, aV and RPL-19 mRNA detection are presented in Supporting Information, Table I , and primers for beta-actin detection (ACTNB) were supplied with the cDNA samples panel (Origene). C t values for CTGF, a6, b1, a3, b4 and aV were obtained using ABI Prizm (Applied Biosystems) according to the manufacturer's instructions as described above in Material and Methods section. RPL19 and ACTNB were expressed in each sample as reported before. 37 
Immunohistochemistry
Immunohistochemical analysis was done retrospectively on tumor tissue microarrays prepared with Institutional Review Board approval by the Pathology Core Facility of the Robert H. Lurie Comprehensive Cancer Center at Northwestern University assembled from tissue originally taken for postoperative diagnostic purposes as described before. 6, 13, 38 The microarray tissue specimens included 16 primary ovarian cancer tissues (15 serous and 1 endometroid). Breast carcinoma tissue was used as a positive control and human normal lymph node as a negative control for CTGF. Analysis of tissue sections was done by light microscopy by an anatomic pathologist (B.P.A.) without prior knowledge of the clinical variables. Scoring of CTGF was assigned according to the average overall intensity of the staining and was graded as follows: 0 5 no staining, 1 5 fine granular staining, 2 5 somewhat coarse staining, but less than positive control tissue (human testis), 3 5 very coarse staining, similar to positive control tissue. Staining <10% of tumor cells, regardless of intensity, was considered negative. Staining between 10 and 75% of tumor cells was considered focal positive, and staining greater than 75% of tumor cells was considered diffuse positive.
Transient transfections
Transient transfections were performed using the lipofection method with Lipofectamine (Invitrogen) as a vehicle. Sixty picomoles of CTGF and control siRNA, as well as 1 mg of pCTGF, were transiently transfected into DOV13 cells growing in 6-well tissue culture plates according to the manufacturer's instructions.
Collagen invasion
Invasion assays were performed using Transwell chambers (0.8 lm, Becton Dickinson, Bedford, MA) as described before. 7 Scratch wound assay DOV13 cells were cultured in standard conditions, as described above in the Material and Methods section (Cell Culture subsection), until 70-80% confluence after transient transfection with Positive (1) expression is defined by C t value lower or equal to 35, and the exact parameter of C t is indicated in the brackets. Negative (-) expression of the genes of interest observed when either no product accumulation was detected, or C t was higher than 35.
either CTGF siRNA or control siRNA, as indicated in Material and Methods section (Transient Transfections subsection). Wounds were introduced into the confluent monolayers by a pipette tip. Wound closure was monitored over time and photographed using Zeiss Axiovert microscope at 53 magnification on the objective. The distance between the monolayers was measured using Zeiss Axiovert software in 10 random places, averaged, and calculated into the percentage of the wound healing at a given time compared with the initial wound width.
Western blotting
Cells incubated under various conditions were collected as described before. 6 The antibodies were used at the following dilutions: 1:200 for anti-human CTGF polyclonal antibody in 3% bovine serum in TBST, 1:1000 for anti-b-tubulin monoclonal antibody in 5% skim milk in TBST. Immunoreactive bands were visualized with an anti-(rabbit-IgG)-peroxidase, anti-(goat-IgG)-peroxidase, or anti-(mouse-IgG)-peroxidase (1:1000 in 5% skim milk in TBST) and enhanced chemiluminescence using LAS3000 (Fujifilm) and LAS3000 ImageReader software. Band intensities were determined using LAS3000 ImageGauge software according to the manufacturer's instructions.
Cell adhesion
Ovarian carcinoma cell adhesion to collagen I (0.5 lg), CTGF (0.8 lg), and a mixture of collagen I (0.5 lg) and CTGF (0.8 lg) was evaluated by seeding cells (3,000) on planar substrata deposited by passive adsorption in 96-well plates for 1 or 3 hr. Nonadherent cells were removed, adherent cells were washed once with phosphate buffered saline, fixed and stained with Diff-Quik kit, counted in 5 random fields and averaged. To determine the involvement of specific integrin receptors in ovarian carcinoma adhesion to CTGF, DOV13 cells were seeded on CTGF-coated surfaces in the presence and absence of a2, aV, a6, aVb3, a3 and b1 function blocking antibodies. Anti-mouse IgG was used as a control. Cells were preincubated with the antibodies for 20 min at 37°C before plating. After plating, cells were allowed to attach for 3 hr, followed by the removal of nonadherent cells, and processing as described above.
Results
Expression of CTGF is downregulated by 3D culture
Our previous data demonstrate that 3DCI culture of ovarian carcinoma cells leads to acquisition of the invasive phenotype, which is accompanied by changes in expression of genes regulating invasion and migration. 6, 7, 15, 17, 37 cDNA microarray analysis of early changes in gene expression showed a 3.8-fold downregulation of CTGF mRNA (p < 0.05) in cells cultured for 4 hr atop 3DCI gel compared with those cultured on thin-layer collagen I film (Supporting Information, Table II ), in addition to 21 other significantly downregulated genes. Expression of CTGF in 2D cultures remained constant at the 1, 2 and 4 hr time points. Because cell: substratum adhesion is an important parameter in cell invasion, and CTGF has been shown to function as an adhesion regulator, [20] [21] [22] additional experiments were performed to evaluate the potential functional significance of CTGF downregulation by 3DCI. Real-time RT-PCR data confirmed the cDNA microarray results, demonstrating a significant loss of CTGF mRNA after 4 hr in 3DCI culture (Fig. 1a) . Prolonged ovarian carcinoma cell culture atop 3DCI also resulted in sustained downregulation of secreted (Fig. 1b) and total cellular CTGF protein for 24-48 hr (Figs. 1c and 1d ). Culturing cells in 3DCI results in multivalent clustering of collagen binding integrins 39 in addition to altering cytoskeletal architecture, both of which may ultimately influence gene expression. 16 To differentiate the relative contribution of cell shape vs. integrin engagement, CTGF expression was evaluated by real-time RT-PCR after culture in a variety of 3D culture model systems. Expression of CTGF was significantly downregulated in both RGD-seeded PEG gels (Fig. 1e) and in 3D gels comprised type III collagen (Fig. 1f) relative to the corresponding 2D cultures. Metastatic ovarian carcinoma cells exist in ascites as both MCAs and single cells, 40, 41 with MCAs representing a 3D cellular structure. Interestingly, MCA culture also downregulated CTGF expression (Fig. 1f) supporting the hypothesis that CTGF is downregulated in ovarian carcinoma cells in a 3D microenvironment regardless of its biochemical composition.
To evaluate whether downregulation of CTGF is unique to ovarian carcinoma cells, real-time RT-PCR analysis was performed to quantify CTGF mRNA in other migratory/invasive cell types interacting with 2D vs. 3D collagen matrices. Invasive breast carcinoma cells (MDA-MB231), primary rat cortical neurons, HT1080 fibrosarcoma cells and HUVEC all responded to 3DCI culture by a 2-to 10-fold downregulation of CTGF (Figs. 2a-2d) , demonstrating that downregulation of CTGF by 3DCI is a common mechanism shared by many types of invasive cells. Time courses of the experiments were chosen based on specific optimal response from each cell type to 3DCI.
Expression of CTGF in human ovarian carcinoma
Expression of CTGF mRNA was evaluated in normal human ovarian epithelium and ovarian carcinoma specimens from multiple stages of disease progression using real-time RT-PCR (Table  I) . Whereas normal ovarian specimens exhibited 100% positivity for CTGF expression, 46% of tumors were negative for CTGF mRNA (Table I) , suggesting a loss of expression with tumor progression. Similar results were obtained from immunohistochemical analysis of 15 late stage (III/IV) ovarian carcinoma specimens, with 7% exhibiting negative staining, 20% weak reactivity, 60% moderate reactivity and only 6% with strong reactivity (Fig. 3 , Table II ).
CTGF modulates collagen adhesion and invasion of EOC cells
CTGF has been characterized as both an adhesion molecule and a motility modulator. [20] [21] [22] To evaluate its potential function in regulation of ovarian carcinoma cell adhesion, binding of cells to CTGF and collagen was evaluated. Ovarian cancer cells adhered preferentially to a substratum comprised both CTGF and collagen, relative to either component individually (Fig. 4a) . To evaluate the role of CTGF in cellular invasion, a modified Boyden chamber assay was used to assess invasion of 3D collagen gels. Cells in which CTGF expression is downregulated, using an siRNA knockdown approach, exhibited a significant increase in 3D collagen invasion relative to cells transfected with a control siRNA (Fig.  4b, black bar) . In support of these data, transfection of cells with a CTGF expression plasmid resulted in a significant inhibition of invasion (Fig. 4b, grey bar) . CTGF-specific siRNAs resulted in 1 CTGF staining intensity is described as negative (neg), 11 (weakly positive), 21 (positive), 31 (strong positive), and as focal (f) or diffuse (d), as described in Material and Methods section.
FIGURE 1 -Expression of CTGF is downregulated by three-dimensional environment. (a) DOV13 cells respond to three-dimensional collagen I culture with downregulation of CTGF mRNA after 4 hr of culture. Cells were cultured for indicated periods of time on 3DCI and 2DCI and collected for extraction of total RNA and subsequent cDNA synthesis. Real-time RT-PCR was performed to detect CTGF expression. Histogram depicts ratios of CTGF mRNA in cells cultured on 2DCI compared with those on 3DCI using 2 2DDCt method. Ratio >1 reflects downregulation of CTGF expression on 2DCI vs. 3DCI. *,**p < 0.05 Secreted (b) (into conditioned media) and total (c) CTGF protein is downregulated in cells cultured on 3DCI compared with those on 2DCI for 24-48 hr. Anti-human CTGF antibody (1:200 dilution) was used to visualize CTGF-reactive bands, b-tubulin (1:1000 dilution) was used as a loading control for detection of CTGF in total cell lysates. For samples prepared from conditioned media, loading was normalized to the amount of seeded cells (amount of collected cells did not change significantly). Conditioned media were collected, centrifuged at 12,000g for 5 min, and concentrated 5 times using 10K Centricon filters. *p < 0.05. (d) Immunofluorescent staining of cells cultured on 2DCI and 3DCI for 24 hr. Rabbit anti-CTGF (H-55) and goat anti-rabbit Alexa488 antibodies used at 1:50 and 1:500 dilutions, respectively. Histogram shows quantitative analysis of CTGF expression in total lysates of cells cultured atop 3DCI and 2DCI; *p < 0.05. (e) Three-dimensional PEG gel culture downregulates CTGF mRNA. Cells were cultured atop 3D 10% PEG, containing 0.3 mM RGD, as well as on 0.3 mM RGD-coated tissue culture plates (2D) for indicated periods of time. Ratios of CTGF mRNA expression on 2D compared with 3D were found with 2 2DDCt method. *,**p < 0.05. (f) DOV13 cells were cultured atop 3D collagen III and thin-layer collagen III for 8 hr. Ratio of CTGF expression on 2D vs. 3D collagen III is shown by the black bar. Expression of CTGF mRNA in spheroids (hatched bar) was compared with that in cells released from monolayers (single). *p < 0.05. All experiments were performed 3 times; data represent mean 6 standard deviation. 2DDCt method. Ratio equal to 1 represents no change, greater than 1 denotes an increase, and lower than 1 shows a decrease between the compared conditions. Experiments for each cell type were performed twice, averaged and plotted as mean 6 standard deviation, *p < 0.05. 40% reduction of CTGF expression relative to the control, while transfection with pCTGF yielded in about 3.5-fold increase in CTGF expression (Fig. 4c) . Motility, as assessed using a woundhealing cell migration assay, was unaffected by modulation of CTGF levels (Fig. 4d) .
Ovarian carcinoma cells adhere to CTGF via a3b1 and a6b1 integrins Several integrin molecules have been implicated in cell-CTGF adhesion and downstream signaling. [42] [43] [44] [45] [46] To identify integrins that may participate in ovarian cancer cell adhesion to CTGF, adhesion was evaluated in the presence of function-blocking integrin subunit-specific antibodies (Fig. 5) . Whereas a2 integrin function blocking antibody had little effect on adhesion to CTGF, either aV, a6 or a3 integrin blocking antibodies alone slightly reduced CTGF adhesion. However, a combination of aV and a3, aV and a6, a3 and a6 integrin or aV, a3, and a6 integrin blocking antibodies significantly inhibited CTGF adhesion, as did b1 integrin function blocking antibody alone, suggesting the participation of multiple integrins in ovarian cancer cell adhesion to CTGF. Expression of these integrin subunits was evaluated in human ovarian tumor tissues using real-time RT-PCR (Table I) . a6 integrin was the most abundantly expressed (58%) in EOC specimens, whereas a3 and b1 integrins were expressed in 34 and 39% of the tested EOC samples, respectively. Very low levels of b4 and aV integrins were detected (5 and 7% of the EOC specimens, respectively). None of the normal ovarian tissues (no pathologic disease) expressed both b4 and a6 integrins, whereas 50, 25 and 38% of those were positive for b1, a3 and aV integrins, respectively. 5 -Effect of integrin subunit-specific blocking antibodies on ovarian carcinoma cell adhesion to CTGF. Adhesion to BSA (first bar from the left) or CTGF (0.8 lg; remaining bars) was evaluated as described in Material and Methods section. Adhesion to CTGF in the absence of any antibody (second bar from the left) was arbitrarily set as 100%, and remaining data are reported as a percentage relative to adhesion to CTGF. Total concentration of function blocking antibodies, where applicable, was 10 lg/ml. In the conditions where 2 or 3 different function blocking antibodies were used, individual concentrations were 5 and 3.3 lg/ml, respectively. Two different aV-integrins were used, MAB1980 and MAB2021Z, with similar results, however, only the data for MAB2021Z are presented. In experiments containing a mixture of aV-integrin and other integrin function blocking antibodies, MAB1980 was used. Data are presented as mean 6 standard deviation. Differences in cell adhesion to CTGF in the presence of function blocking antibodies were statistically significant, as indicated *p < 0.05. Experiments were performed thrice, each in duplicate, quantified, and averaged as detailed in Material and Methods section.
Discussion
EOC claims more than 14,000 lives a year. 1 Most of EOC cases are diagnosed at late stages of the disease, against which current treatment regimens have somewhat modest efficacy. Understanding of the biology of ovarian carcinoma metastasis is limited; therefore, the development of effective molecular target-based anti-metastatic treatments is difficult. Genetic, epigenetic and microenvironmental factors may modulate the behavior of the malignant cell. 4, 8, 47 Although several critical pathways have been demonstrated to play a role in EOC tumor etiology and progression, the influence of the microenvironment on malignant behavior and metastasis remains poorly defined.
EOC metastatic spread is uniquely confined largely to the peritoneal cavity mediated by intraperitoneal shedding of cells from the primary tumor on the ovarian surface. 2, 40 Adhesion of EOC cells into the collagen-rich submesothelial matrix of peritoneal organs anchors secondary lesions. 2 This unique microenvironment of the metastatic sites is extremely permissive for the EOC spread. Cell migration and invasion, necessary for intraperitoneal anchoring, requires complicated cellular machinery to modulate adhesion, cytoskeletal rearrangement, extracellular matrix breakdown and cellular contractility. 18, 19, 48, 49 Our previous data suggest that the mechanisms of cell motility and matrix degradation are upregulated in metastasizing ovarian carcinoma cells through their interaction with 3D collagen matrix, 6, 7, 17, 37, 50 a microenvironment relevant to the ovarian cancer metastatic process.
In this report, the influence of 3D collagen on the adhesive and invasive behavior of EOC cells was investigated. Successful invasion requires multiple cellular processes including adhesion, proteolysis of matrix barriers and motility. Our findings suggest that 3D collagen is instrumental in downregulating CTGF, a secreted protein to which many cells adhere. This loss of adhesive capacity, rather than altered motility, contributes to enhanced overall invasive activity. The current data support this conclusion, as downregulation of CTGF promotes invasion of 3DCI gels, while overexpression retards collagen invasion. 3DCI collagen culture also leads to upregulation of the collagenolytic proteinase MT1-MMP that plays a key role in collagen invasion by ovarian cancer cells. 6, 7, 15 In addition to its function as an interstitial collagenase, MT1-MMP also promotes activation of pro-MMP-2, and it has been demonstrated that MMP-2 and other MMPs can efficiently cleave CTGF. 51, 52 Thus, 3DCI provides a potential dual mechanism for loss of CTGF function through both downregulation of expression and post-translational processing of CTGF via MMP-2. Ovarian cancer cells adhere preferentially to CTGF/collagen surfaces relative to either component alone. A similar function of CTGF was previously reported, as it was shown to enhance adhesion of chondrocytes to fibronectin. 53 Based on blocking antibody studies, a3b1 and a6b1 integrins function as receptors for CTGF adhesion in ovarian carcinoma cells. Several studies have supported a role for CTGF:aVb3 integrin interaction in modulation of adhesion in rat-activated hepatic stellate cells 54 and breast carcinoma cells. 43 The current data demonstrate a very modest effect of blocking aVb3 integrin on ovarian carcinoma cell adhesion to CTGF, and in addition, only 3 of the 46 tested human EOC specimens expressed aV integrin. While these findings may reflect the specific behavior of the cell lines and human tumor samples used in this study, the current data suggest that CTGF interaction with aVb3 integrin may not play a major role in ovarian carcinoma metastasis.
Interestingly, culturing cells in a 3D environment, be it natural or synthetic matrix components or MCA culture, resulted in downregulation of CTGF in ovarian carcinoma cells. Similar results were obtained using the invasive breast carcinoma cell line MDA-MB231, rat cortical neurons, HT1080 fibrosarcoma and HUVEC. These data support the hypothesis that compliant surfaces lead to downregulation of CTGF in many cell types. Several mechanisms of regulation of CTGF expression have been previously reported. Expression of CTGF in the normal ovary follows hormonal fluctuations in the menstrual cycle. CTGF is negatively regulated by the follicle-stimulating hormone and human chorionic gonadotropin 55, 56 but stimulated by estradiol. 57 Mechanical changes in cytoarchitecture have also been shown to modulate CTGF levels. For example, disruption of microtubules in renal fibroblasts leads to upregulation of CTGF through alterations of the cytoskeleton leading to activation of RhoA via Src-FAK, while disintegration of the actin skeleton with latrunculin B and increased levels of Gactin resulted in the reduction of CTGF expression. [58] [59] [60] [61] Interestingly, cell culture on rigid surfaces such as collagen-coated plates as well as mechanical strain caused upregulation of CTGF in smooth muscle cells and renal fibroblasts. [62] [63] [64] In ovarian carcinoma cells, 10% uniaxial mechanical strain produced no effect on CTGF expression (data not shown). Finally, epigenetic downregulation of CTGF in ovarian carcinoma has been reported. 23 Our data suggest that epigenetic silencing does not contribute to CTGF downregulation in EOC cultured on 3DCI, because addition of the methyltransferase inhibitor 5-aza-2 0 -deoxycytidine did not restore CTGF expression under these conditions (data not shown).
In human cancers, CTGF has been associated both positively and negatively with tumor invasion and metastasis. In lung adenocarcinoma, overexpression of CTGF correlated with lower invasive and metastatic ability, while reduced expression of CTGF was associated with disease progression, metastasis and shorter survival. 65 However, colorectal cancer patients with high level of CTGF had higher survival rate compared with those with low CTGF level and reduction of CTGF led to increased metastasis. 66 Our data showing that loss of CTGF expression promotes invasion, together with real-time RT-PCR data showing lower CTGF expression in ovarian tumors relative to normal ovarian epithelium, suggest that loss of CTGF expression may be one of many factors that contribute to ovarian cancer metastatic dissemination.
